15
expression of the pfa operon is down regulated in response to exogenous fatty acids, 26 particularly long chain monounsaturated fatty acids. This regulation occurs independently 27 of the canonical fatty acid regulators, FabR and FadR, present in P. profundum SS9. 28
Transposon mutagenesis and screening of a library of mutants identified a novel 29 transcriptional regulator, which we have designated pfaF, to be responsible for the 30 observed regulation of the pfa operon in P. profundum SS9. Gel mobility shift and DNase 31 I footprinting assays confirmed that PfaF binds the pfaA promoter and identified the PfaF 32 binding site. 33 34 Importance 35 The production of polyunsaturated fatty acids (PUFA) by marine Gammaproteobacteria, 36 particularly those from deep-sea environments, has been known for decades. These 37 unique fatty acids are produced by a polyketide-type mechanism and subsequently 38 incorporated into the phospholipid membrane. While much research has focused on the 39 biosynthesis genes, their products and the phylogenetic distribution of these gene 40
Introduction 46
Regulation of fatty acid biosynthesis, particularly the levels of unsaturated fatty 47 acids, has been shown to be a crucial aspect of the bacterial physiological response to a 48 described in other model bacteria such as Pseudomonas aeruginosa PAO1, which lacks a 73 fadR homolog (1, 10, 11). In this strain fabA and fabB form an operon (unlike E. coli), 74 which is regulated by another TetR family regulator, DesT (12) . In addition to fabAB 75 expression, DesT also modulates the expression of the membrane bound desaturase 76
DesBC, that catalyzes oxygen dependent desaturation of saturated acyl-CoA which can 77 then be incorporated into membrane phospholipids (10, 11) . 78 A subset of marine Gammaproteobacteria, particularly strains isolated from cold 79 and/or high-pressure environments, produce omega-3 polyunsaturated fatty acids (PUFA) 80 such as EPA (20:5n-3) and DHA (22:6n-3), that are incorporated into phospholipid 81 membranes (13, 14) . The biosynthesis of these unique fatty acids is linked to the 82 pfaABCDE operon, which encodes for a type I FAS/polyketide synthase (15). In these 83 bacteria, the Pfa synthase pathway co-exists with the Type II FAS, which produces 84 saturated (SFA) and monounsaturated fatty acids (14, 16) . Given that both pathways 85 utilize the same precursor substrates (15, 17, 18) and their respective end products are 86 destined for phospholipids (13, 14, (19) (20) (21) (22) , an interesting question arises as to how these 87 pathways are physiologically coordinated in the cell. Numerous studies have 88 demonstrated that culturing native PUFA-producing strains at cold temperature (23-28) 89 and/or high pressure (23, 26) leads to increases in PUFA abundance. In the EPA 90 producing bacterium Photobacterium profundum SS9, analyses of transcript abundances 91 of the pfa operon at cold temperatures and/or high pressure indicated no significant 92 alterations mRNA abundances relative to 15°C or low-pressure conditions (25). In the 93 course of those studies, a chemical mutant of P. profundum SS9 (EA2), was shown to 94 of a transcriptional regulator(s) existing in the strain (25) . 96
In this work, the transcriptional regulation of the pfa operon in P. profundum SS9 97 is further characterized and shown that it is down regulated in response to exogenous 98 unsaturated fatty acid (18:1) supplementation. A genetic screen utilizing a pfaA::lacZY 99 reporter gene fusion combined with transposon mutagenesis was used to identify a novel 100 transcriptional regulator, herein designated pfaF, which positively regulates the pfa 101 operon and mediates the regulatory response to exogenous fatty acids. Gel mobility shift 102
and assays using purified PfaF demonstrated that PfaF binds to the pfaA promoter and 103 that this binding is sensitive to the presence of oleoyl-CoA. DNase I footprinting was 104 used to determine the binding site of PfaF within the pfaA promoter. 105
106

Results
107
Expression of the pfa operon under various culture conditions 108
To better understand the regulation of the pfa operon and to facilitate monitoring 109 of gene expression, a reporter construct was designed to link expression of the pfa operon 110 to the lacZY operon of Escherichia coli. This pfaA::lacZY strain allows the pfa operon 111 promoter to be monitored in single copy with all possible upstream regulatory sequences. 112
As expected from previous work (25) in P. profundum SS9, loss of pfaA rendered the 113 pfaA::lacZY strain unable to produce EPA (data not shown). Assays for β-galactosidase 114 activity indicated that in mid-log phase growth approximately 48 Miller units of activity 115 were produced (Figure 2A ). Further β-galactosidase assays under conditions shown 116 previously to lead to increased EPA content, such as high hydrostatic pressure and low 117 temperature are given in Figure 2A and indicated no changes in LacZ activity, confirming 118 previous results from this strain (25). Sequence analysis of the promoter region from 119 EA2, a previously isolated EPA overproducing strain with increased pfa operon transcript 120 levels, also indicated no changes in the promoter sequence of strain EA2 relative to the 121 wild-type. 122
Given its biosynthetic role in producing fatty acids destined for phospholipid 123 biosynthesis, we hypothesized that the pfa operon might be regulated in a similar fashion 124 to the prototypical fab regulon. Given the previously noted solubility issues of fatty acids 125 in 2216 marine growth medium (23), exogenous fatty acids in the form of various 126 polysorbate esters (Tween 20 (12:0) , 40 (16:0) , 60 (18:0), 80 (18:1)) were utilized as 127 exogenous fatty acid supplements. As shown in Figure 2B , significant decreases in β-128 galactosidase activity were observed in the pfaA::lacZY strain in response to all Tween 129 compounds except for Tween 20 (12:0) ( Figure 2B ). Given the various degrees of down-130 regulation noted amongst the various Tween compounds seen in Figure 2B , which differ 131 only in their fatty acid component, the possibility of this response being due to the 132 polysorbate component of these compounds can be eliminated. This down-regulation was 133 also shown to occur in SS9R as both pfaA and pfaD transcript abundances are reduced 134 ~3-fold and ~2-fold, respectively, in response to Tween 80 (18:1) supplementation 135 ( Figure 2C ). Transcript abundances of fabA and fabB were also decreased under these 136 conditions ( Figure 3C ) indicating that, similar to the case in E. coli (2-4, 8), the 137 monounsaturated fatty acid (MUFA) biosynthesis genes are down regulated in the 138 presence of exogenous Tween 80 (18:1). Fatty acid profiling of SS9R grown in the 139 presence of Tween 80 supplementation indicated a nearly 4-fold increase in 18:1 140 regulation of pfaA noted above ( Supplemental Table 2 ). A novel fatty acid, tentatively 142 identified as 18:2, was also observed in cultures supplemented with Tween 80 and may 143 be representative of further metabolic processing of the incoming 18:1 acyl chain. 144
Role of FabR/FadR in response to exogenous fatty acids 145
Given the strong exogenous fatty acid phenotype, it was suspected that either 146
FadR and/or FabR, which are known to regulate E. coli fabA and fabB in response to 147 exogenous fatty acids, may be responsible for this regulatory phenomenon. Homologs of 148 fabR (locus tag: PBPRA3467) and fadR (locus tag: PBPRA2608) were readily identified 149 in the SS9 genome via homology searches and deletion mutants of both genes were 150 generated in both SS9R and pfaA::lacZY strain backgrounds (Table 1) . As shown in 151 Figure 3A , strains containing the ∆fadR mutation displayed decreased β-galactosidase 152
activities. Comparing β-galactosidase activities of the pfaA::lacZY reporter strains 153 containing either ∆fadR or ∆fabR∆fadR deletions indicated that both strains have similar 154 β-galactosidase activities and further ruled out the involvement of FabR in the regulation 155 of the pfa operon. Interestingly, β-galactosidase assays of the ∆fabR∆fadR mutant 156 indicated that the down regulation of the pfaA::lacZY gene fusion in the presence of 157
Tween 80 (18:1) was independent of both FadR and FabR ( Figure 3A ). Transcript 158 abundance analyses performed on RNA samples from the ∆fabR∆fadR mutant grown in 159 the presence or absence of Tween 80 (18:1) indicated that both pfaA and pfaD transcripts 160 were down regulated in response to supplementation while fabA and fabB transcripts 161 were essentially equivalent between the two conditions ( Figure 3B ). Fatty acid analyses 162 of the corresponding single and double mutant derivatives of SS9R are shown in 163 decreased EPA levels consistent with the reduced β-galactosidase activities noted. As 165 predicted, given the role of FadR as a positive regulator of fabA/B, a decrease in 166 monounsaturated fatty acids was noted in strains containing the ∆fadR mutation 167 (Supplemental Table 2 ). 168
Identification of a regulator specific to the pfa operon 169
The FadR/FabR independent down regulation of the pfa operon in response to 170 Tween 80 (18:1) observed here suggested that another regulator(s) for the pfa operon 171 might exist in P. profundum SS9. To search for additional regulators, the pfaA::lacZY 172 strain was subjected to transposon mutagenesis using the mini-Tn5 delivery vector 173 pRL27(29, 30). Of the approximately 10,000 mutants screened, several LacZ down or 174 loss of LacZ activity mutants were identified and saved for further analysis. Arbitrary 175 PCR was performed to identify the sites of mini-Tn5 insertion in these mutants. 176
Excluding mutants that had Tn5 insertions in the reporter gene and/or fadR, we identified 177 mutants from independent libraries that contained unique transposon insertions in the 178 same gene PBPRA0221 (TetR bacterial transcriptional regulator, pfam13972) ( Figure  179 4A). One of these mutants displayed a five-fold decrease in LacZ activity and no longer 180 responded to exogenous Tween 80 (18:1) supplementation ( Figure 4B ). The PBPRA0221 181 gene, herein designated pfaF, encodes for a protein that is a member of the TetR family 182 of transcriptional regulators and is clustered with genes related to lipopolysaccharide 183 synthesis. To verify that this locus is involved in pfa gene regulation, single crossover 184 insertion mutants were generated in the parental pfaA::lacZY reporter strain and the EPA-185 producing SS9R strain. The LacZ activity of the resulting strain was identical to that seen 186 in the pfaF::Tn5 mutant thereby verifying this relationship and excluding the possibility 187 of additional transposon insertion events being responsible for the observed phenotype 188 (data not shown). Transcript abundance analysis of the pfaF mutant strain indicated 189 significant down-regulation of both pfaA and pfaD transcripts relative to SS9R ( Figure  190 4C) consistent with the LacZ activity data. Additionally, quantification of fabA and fabB 191 transcripts indicated no major differences between SS9R and its pfaF mutant derivative. 192
A comparison of the fatty acid profiles of SS9R and a pfaF mutant grown at 15°C shows 193 the mutant displays an approximate 4-fold reduction in EPA content relative to the wild-194 type ( Figure 3 ). The minor difference in the abundances of other fatty acids in the pfaF 195 mutant is also consistent with the minimal changes in fabA or fabB transcription. In the 196 case of both SS9R (EPA + ) and pfaA::lacZY (EPA -) strains, genetic disruption of pfaF did 197 not lead to alteration in growth capabilities at high pressure or cold temperatures (data not 198 shown). 199
The pfaF gene was cloned onto the broad host range complementation plasmid 200 pFL122 and the resulting construct (pMA62) was introduced into pfaF::Tn5 and SS9R 201 pfaF mutant strains. As shown in Figure 4B , expression of pfaF was able to fully restore 202
LacZ activities to that seen the parental pfaA::lacZ strain relative to the vector only 203 control. Similarly, the ability to down regulate the operon in response to exogenous 204 Tween 80 (18:1) was restored in the complemented strain and not in the vector only 205 control ( Figure 4B ). Fatty acid analysis of the complemented strains indicated that 206 expression of pfaF from this construct was able to fully restore EPA levels back to wild-207 type levels compared to the vector only control (Table 3) . Similarly, transcript 208 abundances of pfaA and pfaD were restored to wild-type levels in the complemented 209 strain relative to vector only controls (data not shown). 210
Characterization of PfaF binding to pfa promoter 211
To verify that regulation by PfaF was direct, electrophoretic mobility shift assays 212 (EMSA) were conducted. PfaF was cloned onto pET28 with an N-terminal 6x-His-tag to 213 yield the construct pMA66 (Table 1) . Using this construct, PfaF was expressed in E. coli 214 and purified to homogeneity by Ni-affinity chromatography ( Supplementary Figure 1) . 215
The DNA probe used in the EMSA was generated by PCR using a 6-carboxyfluorescein 216 indicating that the interaction between PfaF and the probe is specific ( Figure 5B ). 222
Further phylogenetic analyses of PfaF indicated that homologs exist in other 223 polyunsaturated fatty acid producing bacteria such as members of the genus Shewanella 224
and Colwellia, and that these homologs are distinct from other well known transcriptional 225 regulators associated with fatty acid biosynthesis (Supplemental Figure 2A ). Further 226 investigation showed that that one such homolog from Shewanella amazonensis SB2B 227 (PBD: 3rh2) had an unpublished crystal structure (Supplemental Figure 2B ). Analysis of 228 this crystal structure of the Shewanella PfaF homolog indicated that its C-terminal 229 domain contained a ligand pocket containing an unknown ligand resembling the 230 hydrocarbon "tail" of a fatty acid (Supplemental Figure 2C) . Given the in vivo responses 231 to the various fatty acid supplements observed, it was suspected that PfaF binding activity 232 could be mediated by oleoyl-CoA (18:1-CoA). Mobility shift assays indicated that the 233 addition of oleoyl-CoA abolished PfaF binding activity in a concentration dependent 234 manner ( Figure 5C ). 235
To localize the binding site for PfaF in the pfaA promoter, non-radioactive DNase 236 I footprinting assays were conducted utilizing the 6-FAM labeled probe used in the 237 EMSA analysis. As shown in Figure 5D In this work, the genetic regulation of the pfa operon has been extensively 245 characterized utilizing a variety of genetic techniques. While the omega-3 246 polyunsaturated fatty acid products (13, 14), biosynthetic mechanism (15, 18, 31), and 247 phylogenetic distribution (16, 32) of the bacterial pfa operon has been extensively 248 studied, there has been little work done describing how the operon is regulated and what 249 gene(s) might be involved. The findings described in this report represent the first 250 systematic investigation into the genetic regulation of the pfa operon. The finding that 251 neither high hydrostatic pressure nor low temperature affected the activity of the 252 pfaA::lacZY reporter is consistent with previously reported results in Photobacterium 253 profundum SS9 (25) and validated our reporter gene fusion approach. As noted 254 previously in P. profundum SS9 (25), we confirmed the lack of correlation between the 255 expression level of the pfa operon and the proportion of EPA found in the membrane 256 phospholipids under cold temperature and high pressure culture conditions. The reasons 257 for this phenomenon are unclear but they suggest that other factors in the biosynthesis 258 and membrane incorporation of EPA are involved in the increased abundance of EPA at 259 high pressure and/or cold temperature. 260
The finding that the pfa operon was down regulated in response to exogenous 261 fatty acids in a FadR/FabR independent manner indicated that another transcription factor 262 was responsible for regulating this response to fatty acid supplementation. Screening of a 263 transposon library in the pfaA::lacZY reporter strain identified a novel regulator, pfaF, 264 whose gene product acts as a positive regulator of the pfa operon. Reintroduction of a 265 null mutation in pfaF in SS9R yielded a mutant that had a specific several fold decrease Based on these results, a proposed model of regulation is shown in Figure 6 . In 287 the absence of fatty acids, PfaF binds to its cognate sequence within the pfaA promoter 288 region and acts as a positive regulator. In the presence of exogenous fatty acids, which 289 are presumably converted into acyl-CoA, PfaF binding to an acyl-CoA leads to its 290 dissociation from the promoter leading to a lack of transcriptional activation of the pfa 291 operon. Given its role in producing fatty acids for phospholipid biosynthesis (14) and its 292 utilization of the same precursor metabolites as the Type II fatty acid synthase (15), it is 293 not surprising that the Pfa synthase is controlled in a nearly identical fashion, albeit with 294 its own cognate regulatory protein. Homology searches of available genomes indicated that all PUFA-producing 315 marine Gammaproteobacteria contain a pfaF homolog many of which residing in similar 316 genomic contexts. Whether pfaF is involved with regulating the pfa operon in these 317
strains has yet to be determined. In many instances, such as in strains of Shewanella and 318
Colwellia, the pfa operon also contains an annotated regulator typically designated as 319 pfaR, immediately upstream of pfaA. Interestingly, the protein sequence of this regulator 320 does not match to any class of bacterial transcriptional regulators and only contains an 321 identifiable N-terminal helix-turn-helix domain, which is most likely involved in DNA-322 binding activity. Preliminary results using S. piezotolerans WP3, a genetically tractable 323 ∆pfaR mutants under a variety of temperatures (data not shown). A previous study (44) 325 demonstrated that replacing pfaR with an inducible promoter could lead to dramatic 326 increases in EPA production in a heterologous host strain of E.coli. Unfortunately, that 327 study lacked adequate data that could be used to ascertain the role of pfaR directly. 328
Regulation of the pfa operon in strains with pfaR may indeed be more complex or 329 otherwise different than in the case of P. profundum SS9. 330
The results presented here describe the identification of a novel transcriptional 331 regulator in the model marine bacterium P. profundum SS9 that specifically modulates 332 expression of the pfa operon in response to exogenous fatty acids and controls the amount 
Materials and Methods
339
Bacterial strains and growth conditions 340
Escherichia coli strains were routinely grown at 37°C in Luria Bertani (LB) 341 media unless stated otherwise. Photobacterium profundum SS9 strains were grown at 342 15°C in 2216 marine broth (Difco) at 75% strength (28g/L) unless noted otherwise. For 343 solid medias, agar was included at 15g/L. The antibiotics kanamycin (50 μg/ml for E. coli 344 and 200 μg/ml for P. profundum), chloramphenicol (15μg/ml), ampicillin (100μg/ml), 345 and rifampicin (100μg/ml) were used as required. For high-pressure growth experiments, 346 pressure vessels as described previously (45) . 348 349
Targeted Mutagenesis 350
Vectors for introducing mutations into P. profundum were introduced by 351 conjugation using previously described methods with minor alterations (14, 45). In-frame 352 deletions were generated by allelic exchange using the suicide vector pRE118 (46). 353
Insertional inactivation of target genes was accomplished by introduction of the suicide 354 plasmid pMUT100 as described previously (23, 47). 355
356
Transposon mutagenesis and screening 357
Biparental conjugations using E.coli S17-1λpir were used to transfer the mini-Tn5 358 delivery plasmid pRL27 into the pfaA::lacZY reporter strain (Table 1) (29, 48) . Both 359 recipient and donor strains were grown to stationary phase and conjugations were 360 performed as described above. After ~24hr at ambient temperature (~22°C) cells on filter 361 membranes were resuspended in 2216 broth and plated onto selection media (2216 agar 362 containing 200μg/ml kanamycin and 100μg/ml rifampin) and incubated at 15°C for 5 363 days. Resulting ex-conjugants were patched to fresh selection plates in grid format. After 364 two days growth at 15°C the arrayed mutants were replica plated to 2216 agar with X-gal 365 (80µg/ml). After two days of growth on indicator media, mutants were screened by eye 366 for differences in blue colony formation. Mutants with differential lacZ activity were 367 clonally isolated and further screened by β-galactosidase assays in liquid cultures as 368 described below. 369
Identification of transposon insertion sites 371
To identify transposon insertion sites of interest an arbitrary PCR method was 372 utilized similar to the method described previously (30). Primer sequences are given in 373 Supplementary Table 1 . In the first round of PCR, a primer specific to one end of the 374 mini Tn5 element (Tn5 ext) in combination with one of three degenerate primers (arb1, 2, 375 or 3) is used with purified genomic DNA as a template. The conditions used for the first 376 PCR were; 95°C 5 min, 6 cycles of 95°C for 30 sec, 30°C for 30 sec, 68°C for 2 min, 377 followed by 30 cycles of 95°C for 30 sec, 45°C for 30 sec, 68°C 2 min, and 68°C 5 min. 378
Two microliters of the first reaction was used as a template for a nested PCR with "Arb 379 clamp" and "Tn5 int" primers. The conditions for the second PCR were 95°C for 5 min, 380 followed by 30 cycles of 95°C for 30 sec, 55°C for 30 sec, 68°C for 2 min, followed by 381 Binding reactions were incubated at 22°C for 60 min and analyzed by electrophoresis 434 using pre-run 6% 0.5X TBE, 1% glycerol, native polyacrylamide gels (50). Gels were 435 visualized and photographed using a GelDoc system (Bio-Rad). 436
Non-radioactive DNase I footprinting (51) was performed using the same binding 437 buffer and reaction conditions used in the EMSA experiments described above. Digests 438 were initiated by the addition of 0.03U of DNase I (NEB Biolabs), and incubated at 22°C 439 for 2 minutes. Digestion reactions were stopped by the addition of DNase I stop buffer 440 (NEB) and were extracted with phenol:chloroform:isoamyl alcohol (25:24:1, Thermo 441 Scientific). DNA fragments were further purified by use of a PCR purification kit 442 (Zymo). Eluted DNA fragments were subjected to fragment analysis by capillary 443 electrophoresis (Eton BioScience). Chromatograms were examined using the 444 microsatellite plugin within Geneious Prime 2019.2.3 (https://www.geneious.com). 445
Protected regions were identified and compared to the included LIZ-500 size standards to 446 identify the binding site coordinates and relevant protected bases. 447 448
Fatty acid extraction and GC-MS analysis 449
Late log phase cultures were harvested by centrifugation and cell pellets rinsed 450 once with 50% Sigma Sea Salts solution (16g/L) and stored at -80°C. Cell pellets were 451 lyophilized and fatty acids were converted to fatty acid methyl esters and analyzed by gas 452 chromatography mass spectrometry using previously described protocols and methods 453 
